We show that a resonant response with very high quality factors can be achieved in periodic metamaterials by radiatively coupling their structural elements. The coupling is mediated by lattice modes and can be efficiently controlled by tuning the lattice periodicity. Using a recently developed terahertz (THz) near-field imaging technique and conventional far-field spectroscopy together with numerical simulations we pinpoint the underlying mechanisms. In the strong coupling regimes we identify avoided crossings between the plasmonic eigenmodes and the diffractive lattice modes.
Introduction
Metamaterials have recently attracted considerable interest due to their potential application for perfect lensing, invisibility cloaking, or as negative refractive index material [1, 2, 3] . These artificially designed media typically consist of periodically arranged metallic structures [4, 5] , which show a strong resonant response to an incident electromagnetic field. The ability to customize metamaterials requires control over the strength, linewidth and spectral position of their resonances. For this purpose actively controlable metamaterials have been demonstrated at terahertz frequencies based on the implementation of photo-or electro-active elements [6, 7] . However, their implementation requires advanced processing steps and scaling such devices to higher frequencies has not yet been achieved. Another powerful concept for tailoring metamaterial resonances uses coupling between individual eigenmodes of closely spaced structures such as adjacent [8, 9, 10, 11] or laterally stacked split ring resonators (SRRs) [12] or wires [13] . These studies have been inspired by the demonstration of spectral tunability of localized plasmon resonances in coupled metallic nanostructures where the interaction between the modes of individual nanoparticles gives rise to new hybrid modes [14, 15] . Recently, this concept has been generalized to the coherent interaction between multiple nanostructures arranged in arrays. In these studies efficient control over the plasmonic resonances of metallic nanoparticles has been achieved [16, 17, 18] . It was shown recently that such collective excitations also considerably affect the optical properties of THz metamaterials [19] . Here we study this effect in detail and demonstrate that radiative coupling between the sub-units in a periodic metamaterial is the underlying mechanism. Choosing appropriate lattice geometries a remarkable increase of the quality factors of the metamaterial resonances can be achieved.
Plasmonic eigenmodes of an isolated SRR
In order to identify plasmonic resonances in a metamaterial structure without coupling between neighboring elements we first investigate an isolated U-shaped SRR as shown in the inset of Fig. 1(a) . The samples, fabricated by conventional photo-lithography and etching techniques, are 9 µm thick copper structures on a 120 µm thick PTFE-substrate. Time-domain imaging with pulsed THz radiation offers the unique possibility to measure the electric near-field distribution close to metallic objects with subwavelength spatial resolution [20, 21] . Our recently developed scanning-type THz near-field imaging technique [22, 23] allows to map the electric and magnetic near-fields of the SRR sample at its dominant resonances. Figure 1 (a) shows the measured in-plane electric (arrows) and out-of-plane magnetic near-fields (color code) excited on the structures by a normally incident THz-wave linearly polarized along the x-axis. For the chosen polarization the plasmonic eigenmodes are observed whenever the wire length of the unfolded SRR approaches odd multiples of half the wavelength (l = n · λ /2, n = 1, 3, 5,...). Even eigenmodes are forbidden due to the asymmetry of the electric potential provided by the incident field. The fundamental eigenmode of the SRR (n=1) is observed at 150 GHz and is associated with a circular current oscillating around the ring inducing a magnetic dipole (LC-resonance). The next higher mode observed corresponds to the formation of an electric quadrupole (n=3) with the electric field lines pointing toward and away from the corners of the structure [23] . The directions of the corresponding currents are indicated in the insets. The eigenmodes of the structures are also observed as characteristic transmission minima in the far-field spectra obtained from conventional THz spectroscopy of arrays with different lattice periodicities (from bottom to top: g y = 380 to 653µm) shown in Fig. 1(b) .
Excitation of lattice modes
In addition to the plasmonic eigenmodes, transmission minima are observed at higher frequencies, labeled by an asterisk in Fig. 1(b) . Here, constructive interference of the radiation which is scattered by the periodic lattice causes abrupt changes in transmission due to the so called Wood anomalies [24] . These spectrally shifting lattice modes are clearly distinguishable from the almost stationary plasmonic modes (n=1 and n=3). In a rectangular array lattice modes are formed under the condition:
where k = ω/c is the wavenumber of the scattered light, c is the speed of light in the surrounding medium, and (i, j) is a pair of integers defining the diffraction order. Figure 2 (a) shows the angular distribution of the diffracted far-field intensity for different lattice periodicities. The distributions are calculated for five isotropic point scatterers in linear arrangement along the y-axis [25] . The incident light propagates along the z-axis. For g y = λ /2 the scattered fields interfere constructively only in the forward and backward directions (zero-order diffraction) and thus radiate into free space. At g y = λ constructive interference also occurs for field components scattered into the sample plane (first diffraction order). This field contribution is coupled to other elements rather than to free space so that its energy gets "trapped" in the array. By integrating the intensity distributions over an angular interval (∆Θ = ±10 • ) for two perpendicular directions as indicated in Fig. 2(b) we determine the fractions of light which are diffracted into the lattice plane and in detector direction, respectively. The part which is scattered into the lattice plane P lattice /P total is plotted in Fig. 2(c) as a function of the lattice constant g y in units of the wavelength λ (solid curve). At the (0,1) and (0,2) diffraction orders two dominant peaks occur. By further increasing the number of participating scatterers the diffraction lobes become narrower and the corresponding peak maxima approach 1. In this case ohmic damping and lattice imperfections are limiting the linewidths of the resonances. The corresponding intensity fraction P out /P total which is radiated in detector (forward) direction is indicated by the dashed curve. The lattice excitations are expressed by asymmetric minima with a sharp edge at the low frequency and a broad slope at the high frequency side.
Radiative coupling in SRR arrays mediated by lattice modes
In order to study the effect of lattice diffraction on the plasmonic eigenmodes we have fabricated a set of rectangular arrays of SRRs in which the lattice periodicity in y-direction changes in 24 steps from g y = 380 to 1200µm, while the x-periodicity is constant at g x = 380µm. Their transmission has been characterized by a conventional far-field THz time-domain spectrometer and the spectral evolution is plotted in Fig. 3(a) as a function of the reciprocal lattice constant 1/g y . In these dispersion diagrams the dotted horizontal lines mark the spectral position of the plasmonic eigenmodes of the individual SRR. The solid lines indicate the various lattice excitations calculated according to Eq. (1). Basically all features expected are observed in the measurements. Of particular interest are the regions where the plasmonic structure and the diffractive lattice modes meet. At the intersection of the n=3 eigenmode with the (0,1) lattice resonance, for example, a pronounced anticrossing indicates strong interaction between the modes. A similar but weaker avoided crossing is observed between the structure resonance n=5 and the (0,2) lattice mode. A remarkable observations is that the structure modes significantly sharpen as the lattice modes approach the resonances. Our experimental observations are confirmed with numerical simulations using a commercial finite-element program package (COMSOL Multiphysics). Here a single SRR has been placed in the center of a 3-D simulation volume with periodic boundaries on the four sides as shown in the inset of Fig. 3(b) . Plane waves were incident from the front and the transmitted field has been sampled on the back. Our numerical model reproduces the experimental data ( Fig.  3(a) ) correctly, in particular the anti-crossing and the line-width sharpening of the n=3 mode. In addition, higher order diffraction modes can be identified which could not be observed in the experimentally recorded spectra due to the limited S/N-ratio.
As discussed above, at the crossing points one of the diffraction lobes radiates into the sample plane, supporting interaction between the individual resonators through radiative coupling. The sharpening of the plasmonic line shape is due to the fact that in case of radiative coupling parts of the diffracted field are trapped in the lattice and couples to neighboring structures. Therefore, radiative damping is significantly reduced leading to a higher quality factor of the corresponding resonance and an associated narrower linewidth. The strong coupling of the plasmonic eigenmodes via the diffractive lattice modes eventually results in an anti-crossing of their energy bands. The maximum energy splitting observed in our experiment is on the order of ∼ 78 GHz (0.32 meV) for a lattice constant of g y = 708µm. We note, that in stark contrast to capacitive or conductive coupling which requires closely spaced structures [8, 26] , radiative coupling is mediated by long-range lattice modes.
Due to the tight THz focus our near-field imaging setup limits coherent sample excitation to only a small section of an array (on the order of 3x3 structures) which is not sufficient to efficiently excite long-range lattice modes. Therefore, we use the simulations to investigate the influence of radiative coupling on the SRR-modes in the near-field. In Fig. 4(a) plasmonic (A-mode), the coupled mode (B-mode), and the (0,1)-lattice mode (C-mode), as marked in Fig. 3(c) . In the weak coupling regime (A-mode) maxima at the four corners and pronounced minima (dashed lines) in-between indicate the purely quadrupole-like character of the plasmonic structure resonance. As extracted from our simulation the heat dissipation in the metal skin is 1.4 % of the total power loss as a result of ohmic damping. In case of coupling (B-mode) mode mixing occurs. The plasmonic quadrupole pattern gets superimposed by field contributions from the lattice mode. The heat dissipation is 2.4 %, more than for the uncoupled plasmonic eigenmode (A-mode) since the engergy gets trapped in the array and thus the currents are amplified. In contrast, for the pure lattice mode (C-mode) the energy is stored mainly in the non-metallic regions. Power minima along the SRR-surface indicate weak current flow. This is also reflected in the reduced heat dissipation (<0.002 %).
In Fig. 4 (b) the spectral evolution from the weak to the strong coupling regime (A to B) is shown for selected lattice periodicities (g y = 380 to 653µm). The sharpening of the linewidth of the plasmonic resonances is quantified in terms of their quality factors Q = ν/∆ν shown in Fig. 4(c) . Quality factors as high as 50 are achieved close to the crossing points for the n=3 resonance, which corresponds to an improvement by at least 1 order of magnitude. This Qfactor achieved with a conventional SRR design is comparable to that of asymmetric split ring structures which have been recently reported to reach exceptionally high quality factors [11] .
Conclusion
In summary, we have shown that changing the lattice periodicity in metamaterial arrays allows to control coupling between the "meta-atoms" via their radiated fields. For appropriate chosen lattice periodicities strong radiative coupling causes avoided crossings in the transmission spectrum and leads to large quality factors of the resonances. Our approach provides a novel route to shape resonances in metamaterials and is scalable in frequency. These findings pave the way for optimized design of metamaterials.
